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EDITORIAL REVIEW
Membrane fluidity and transport properties in epithelia
The concept of membrane fluidity [1, 2] is now integrated in
any analysis of biomembrane structure and function. From the
earliest demonstration that prokaryote growth may depend on
membrane physical state [3, 4], to the impact on HIV infection
[5, 6], membrane fluidity has been shown to affect numerous
membrane functions including passive permeability properties,
accessibility of receptors, activity of enzymes and transport
systems [reviewed in 7]. Since the original proposal of the fluid
mosaic model in 1972 [2], several important findings, such as
the existence of lipid transbilayer asymmetry, of membrane
lateral heterogeneity with macro- and micro-domains likely
corresponding to areas of different lipid composition and phys-
ical state, and of "immobilized" lipids surrounding integral
proteins [reviewed in 8], indicate that fluidity does not imply a
random distribution of membrane lipids. This renders the
elucidation of fluidity/functional relationships in biological
membranes a particularly difficult task, which explains why the
relevance of membrane fluidity as a physiological modulator of
cellular functions still remains a matter of debates.
Epithelial cells constitute a privileged model for studies on
the importance of protein/lipid physical state interactions in cell
physiology. They exhibit a marked morphological polarity and
their vectorial transport function is achieved through a polar-
ized distribution of transport systems between the apical and
basolateral domains of the plasma membrane. Has fluidity any
role in physiology and transport functions, cell polarity predicts
that the fluidity and hence lipid composition of each plasma
membrane domain differs. A role of membrane fluidity in cell
physiology also implies that modifications of fluidity affect these
functions. Evidence accumulated during the last decade show-
ing that this is the case in the various epithelia investigated will
be presented in the first part of this review. The second part will
be devoted to studies showing that in numerous physiological or
pathological circumstances, changes in cellular functions of
epithelial cells correlate with modifications of membrane fluid-
ity. A special attention will be given to the data obtained on
renal epithelial cells, lipid-protein interactions in intestinal and
liver cells being covered by recent reviews [9—Il].
The concept of membrane fluidity
Fluidity (1) is defined as the inverse of viscosity, the prop-
erty describing the resistance of a fluid to movement. In a
liquid, viscosity is proportional to the density. Thus fluidity will
increase when density decreases. From the relationship be-
tween the volume V occupied by 1 mol of liquid (the molal
volume) and the density, it has been shown that fluidity is
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proportional to (V — V0)/V0where V0 is the molal volume at the
solid-liquid transition state [12]. Any increase in molal volume,
obtained for example by raising temperature, results in an
increase in fluidity. Basically, the same rule applies to mem-
branes that are constituted of an oriented, two dimensional,
viscous solution of amphipatic proteins and lipids [2]. However,
even considering a homogeneous membrane made of lipids, due
to the anisotropic nature of the "fluid" (molecular movements
such as rotational, vibrational, translational have different
values in a direction parallel or perpendicular to the mem-
brane), membrane fluidity represents a set of parameters includ-
ing structural informations (order and packing of acyl chains) as
well as dynamic informations (rotational and translational dif-
fusion). The relationships between the structural and dynamic
parameters of fluidity are not fully understood [131, especially
when considering the complex systems constituted by biologi-
cal membranes.
Besides the well recognized effects on the passive permeabil-
ity properties of membranes 114, 15], the concept of control of
membrane functions by the lipid physical state supposes that
fluidity (and/or composition) affects the activity of numerous
proteins. This effect can result from a direct action on the
conformation or on the conformational changes required by the
function of a given protein or may involve the ease of proteins
to associate or dissociate. A direct effect of membrane fluidity
on the accessibility of proteins has been documented for long
[reviewed in 7]. Regulation of adenylate cyclase activity follow-
ing agonist addition is likely to involve an effect of membrane
fluidity on the ease of association/dissociation of regulatory
units [16—18]. More recently, it has been established that
freedom of protein conformational changes can be regulated by
lipid fluidity [19—23]. Experiments with liposome-reconstituted
rhodopsin provide further insights in the mechanisms involved.
Analysis of the protein free energy changes upon light absorp-
tion indicates that the free volume available for molecular
motion in the hydrophobic core of the bilayer, determined by
membrane fluidity, modulates the protein activity [23]. The
activation volume depends on the protein considered [24]. On
the other hand, membrane lipid physical state influences the
conformational stability of proteins 119, 20]. Accordingly,
changes in activity following a modification in fluidity would be
the result of a dual (stability vs. ease of conformational change)
effect and will depend on the nature of the protein. Optimum of
fluidity for a lipid sensitive transport system was already
documented for the facilitated transport of glucose in erythro-
cytes and fibroblasts [25] and for the nicotinic acetylcholine
receptor [26].
Major determinants of membrane fluidity can be classified
within two categories (Table 1): extrinsic determinants regroup
environmental factors, controlled when measuring fluidity of
isolated membranes, but which can be crucial for membranes in
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Extrinsic Intrinsic
Temperature + Cholesterol —
Pressure — Sphingomyelin —
Cell 'volume" + Protein/lipid —
Cations (divalent) Sat./Unsat.[H] a Chain length
situ; intrinsic determinants are those which quantify the mem-
brane composition, that is, protein and lipid content, phospho-
lipid composition (percentage of sphingomyelin, phosphatidyl-
choline, etc.). Basically, any manipulation that induces an
increase in lipids molal volume, such as an increase in temper-
ature, or replacement of a saturated by an unsaturated fatty
acid, will result in an increase in membrane fluidity, and
conversely [12]. The length and the unsaturation of fatty acyl
chains of phospholipids, the nature of their polar head group
and, as a function of this head group, the pH and the concen-
tration of ions (mainly divalent cations), determine the temper-
ature at which pure hydrated phospholipids undergo an en-
dothermic transition from the gel to the liquid crystalline state
[reviewed in 27]. These transitions are associated with a large
increase in bilayer fluidity. In complex mixtures of lipids such
as those found in biological membranes, some lipid species may
enter the gel phase while others are still in a liquid crystalline
state. Such "phase separations" phenomena in which gel and
fluid phase lipids coexist modify the lateral organization and
thus the environment of membrane proteins. For membrane
proteins sensitive to the physical state of surrounding lipids the
liquid to gel phase transition is generally associated with large
changes in activity evidenced by "breaks" in their Arrhenius
plots, that is, plots of the log of activity versus the inverse of
absolute temperature (Fig. 1). Because curvilinear Arrhenius
plots can occur independently of lipid phase transitions, their
interpretation in terms of lipid/protein interactions have to be
confronted by simultaneous measurements of membrane fluid-
ity properties (see [27, 28] for a discussion on the use of
Arrhenius plots).
Due to the relatively limited amount of available material,
most of the data on the fluidity properties of biological mem-
branes have been obtained from the motional freedom of
incorporated fluorescent or spin labeled probes. The easiest and
most popular method to estimate fluidity remains the steady-
state fluorescence depolarization of the probe diphenyl-
hexatriene (DPH) or of its cationic (TMA-DPH) or phospholi-
pidic (phosphatidyicholine) derivatives. With this technique,
the measured anisotropy values (r values) predominantly reflect
the structural component of fluidity, that is, the lipid order [29].
Because DPH partitions equally between gel and liquid crystal
domains of membranes, its anisotropy gives a submicroscopical
view of the overall membrane lipid order [7, 30]. This submi-
croscopical parameter is believed to be relevant for most
physiological functions related to fluidity [7]. Determinations of
the fluorescence lifetime, which gives access to the rotational
diffusion properties of the probe, have confirmed that DPH
1/T(xO. 001)
Fig. 1. Temperature dependence of enzyme and transport functions as
detected by Arrhenius plots. For processes independent of membrane
physical state, the energy of activation (Ea) is generally constant over
a range of temperatures including a phase separation phenomenon (0).
On the other hand, the activity of many membrane-bound proteins
exhibit abrupt changes in slope occurring at a particular temperature
("break point"). In many cases this temperature closely corresponds to
the lipid phase separation temperature of the membrane (•). Breaks,
however, can occur for a variety of other reasons [27, 28]. In k: rate
constant for the reaction; R: gas constant; T: absolute temperature; A:
pre-exponential term.
steady-state anisotropy measurements reports essentially on
the lipid order in membranes [reviewed in 31]. Furthermore, in
conjunction with other spectroscopic probes, they have pro-
vided additional evidences for the heterogeneity of distribution
of membrane constituents [8, 32]. Membrane lateral heteroge-
neity has been extensively investigated using fluorescence
recovery after photobleaching (FRAP), a fluorescence micros-
copy method which allows the determination of translational
diffusion coefficient on a long range scale [33]. Besides the
demonstration that lateral diffusion is affected by physiological
parameters, both micrometer and submicrometer scale domains
likely corresponding to different lipid physical state and com-
position have been observed in artificial membranes [34, 35] and
in the plasma membrane of non-polarized cells showing no
defined thermotropic transitions [reviewed in 36]. Because it
relies on estimates of distances covered by fluorescent probes,
the presence of brush borders and of basolateral invaginations
represents a serious obstacle when applying this technique to
polarized epithelial cells. Videomicroscopy techniques have
confirmed the existence of intrinsic domains of different lipid
composition in the plasma membrane of non-polarized cells
[37]. If these domains result from lipid properties (fluid phase
immiscibility, coexistence of liquid disordered and liquid or-
dered domains [35]) or from lipid/protein interactions [38] or
from both is not clear presently, but their existence has to be
kept in mind for the interpretation of membrane fluidity/func-
tion relationships. Recorded modifications of the overall mem-
brane fluidity under physiological circumstances can corre-
spond to changes in localized domains of the membrane.
Indeed, if the size of the domain involved is too small, even
marked variations in physical state might escape to detection
Table 1. Major determinants of membrane fluidity
+ and — signs refer to the effect of an increase in the corresponding
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Fig. 2. Fluidity polarity in epithelial cells. Steady-state anisotropy
values at 37°C of diphenyihexatriene in isolated membranes from
various epithelia. This parameter predominantly reflects the structural
component of membrane fluidity, that is, the lipid order. Open bars
correspond to apical membranes, dashed bars to basolateral mem-
branes. References are: Kidney: human [40]; dog [391; rat [41, 431;
rabbit [421; intestine: [10]; liver: [45].
with usual techniques. This illustrates the need for the devel-
opment of new approaches based on imaging video microscopy
techniques.
Because of relationships between lipid composition and
membrane fluidity it is often difficult, in biological membranes,
to discriminate a true fluidity effect on protein activity from a
lipid species specific effect involving headgroup, backbone,
chain length (possibly through the bilayer thickness), unsatur-
ation, etc. For this reason, relationships between membrane
constituents are frequently presented as the effects of lipid
fluidity and/or composition on protein activity.
Physico-chemical properties of renal and other epithelial
plasma membranes
Membrane fluidity at physiological temperature
Fluorescence depolarization and electron spin resonance
(ESR) experiments have demonstrated that in adults, at physi-
ological temperature, the overall fluidity of isolated renal brush
border membranes is significantly lower than that of isolated
basolateral membranes [39—44]. As illustrated by Figure 2 for
DPH, in all species investigated, the anisotropy in renal brush
borders exceeds that of the corresponding basolateral mem-
branes, an observation repeated with other hydrophobic fluo-
rescent probes and not explainable by differences in the corre-
sponding fluorescence lifetimes. A similar situation is found for
membranes isolated from the intestinal epithelium [reviewed in
11] or in hepatocytes where the lipid order of the bile canalic-
ular (apical) surface fraction is higher than that of the sinusoidal
(basolateral) fraction [9, 45]. Interestingly, the difference be-
tween apical and basolateral membrane fluidity is primarily due
to the low fluidity of apical domains: the fluidity of basolateral
membranes is in the range of the values reported for the plasma
membranes of non-polarized cells. Low values of fluidity are
also reported for tracheal apical membranes and brush border
from the placenta [46, 47]. Anistotropy values are slightly
modified by the method of preparation [48—50]. They are,
however, primarily determined by the purity of the brush
border preparation. Using appropriate instrumentation, DPH
anisotropy values lower than 0.21 for adult in control conditions
and at 37°C, are generally attributable to membrane cross-
contaminations or to trivial causes of depolarization such as an
excess of membrane or of fluorophore in the spectrofluorometer
cuvette. Whereas for the intestine the difference between apical
and basolateral domains has been established for the different
segments of the small intestine as well as for the colon [10, 11],
the data from isolated membranes in the kidney only concern
the proximal tubule. Using TMA-DPH, a cationic derivative of
DPH which remains anchored in the outer leaflet of the plasma
membrane of MDCK cells, it has been demonstrated that the
fluidity of the apical outer membrane leaflet is much lower than
its basolateral counterpart in living, confluent cell monolayers
[51]. The distal origin of these cells suggests that fluidity
asymmetry between apical and basolateral membrane domains
persists in the terminal parts of the nephron. Taken together
these data strongly suggest that low fluidity of apical mem-
branes relative to that of basolateral membranes constitutes a
characteristic feature of epithelial cells. In contrast with this
view, however, it has been recently reported that in perfused
isolated segments of the cortical collecting tubule (CCT) the
fluidity of the apical domain was high and equivalent to that of
the basolateral membrane [52]. Because of its uniqueness such
an observation deserves confirmation by independent tech-
niques.
Although the cytoskeleton and membrane proteins may par-
ticipate to the higher viscosity of brush border membranes,
experiments done on total lipids extracted from apical and
basolateral domains identify the lipids as the membrane com-
ponents responsible for the difference in fluidity between these
membranes: this difference recorded at the level of intact
membranes persists in corresponding liposomes [10, 39, 43, 53].
Membrane heterogeneity within apical and basolateral
domains
Differential scanning calorimetry, electron spin resonance
and fluorescence experiments have shown the existence of
thermotropic phase separation phenomena in renal cells [39, 40,
42, 54—56]. Thus, for mammalian renal cells, membrane lipids
are essentially in an ordered state for temperatures below 20°C
and temperatures above 43 to 48°C are needed for all membrane
lipids to be in the liquid crystal state [39, 42]. A comparable
situation is found for intestinal membranes with an upper end of
the thermotropic transition around 40°C [10]. As mentioned
earlier, membrane microdomains exist even in membranes
showing no thermotropic transitions at physiological tempera-
ture. The presence of such transitions in renal and intestinal
cells can only reinforce the lateral heterogeneity of the distri-
bution of membrane constituents, leading to the conclusion that
microdomains of different lipid composition/fluidity coexist at
physiological temperature in apical and basolateral membranes.
The heterogeneous distribution of cholesterol in these mem-
branes [57, 581 likely contributes to the phenomenon.
Lipid composition of apical and basolateral membrane
domains
It is now established that large differences exist in the lipid
composition of apical and basolateral membranes originating
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Table 2. Lipid composition of apical and basolateral domains of the
mammalian proximal tubular cells
Dog Rat
BBM ALM BBM ALM
Phospholipids mol %
SM 24±1 34±2 16±2
PE 29±1 26±1 28±2
PC 28±1 20±2 38±3
PS 6±1 15±2 9±2
P1 4± 9±1 3±1 6±1
zmol/mg protein 0.59 0.73 0.51 0.71
C/P mol/mol 0.64 0.47 0.83 0.49
SM/PC ,nol/mol 2.28 05 1.70 0.42
Abbreviations are: SM, sphingomyelin; PE, phosphatidylethanol-
amine; PC, phosphatidylcholine; PS, phosphatidylserine; P1, phos-
phatidylinositol; C/P, cholesterol/total phospholipids. Data for dog are
from Ref. 53; data for rat are mean values from Refs. 41, 59, 69.
from the proximal tubule (Table 2) [41, 53, 59—61]. Under all
circumstances, the cholesterol content, either absolute or rela-
tive to the amount of phospholipids, is higher in brush border
than in basolateral membranes. Because it exerts a condensing
effect on phospholipids, cholesterol significantly decreases the
fluidity of artificial and biological membranes [7, 271. Reconsti-
tution experiments have confirmed that the excess of choles-
terol found in apical membrane is for a large part responsible for
their lower fluidity [43, 531. Both the higher content in sphin-
gomyelin and in saturated or longer chain length fatty acids also
participate to the greater viscosity of luminal membranes [53,
621. These two factors are responsible for the higher viscosity of
juxtamedullary brush border membranes as compared with
superficial ones [631. It is noteworthy that lipid polarity was also
demonstrated in MDCK cells [641. In contrast to proximal
tubular cells, whose plasma membrane is poor in glycosphin-
golipids [65], glycolipids constitute the major polar lipids of the
apical outer membrane leaflet of MDCK cells [661. A similar
situation is found in intestinal apical membranes which contain
as much glycosphingolipids as phospholipids [49, 671. A higher
cholesterol/phospholipid (C/P) ratio is likely to be also at the
origin of the low fluidity of the apical domain of liver cells [91.
Tight junctions, which encircle the apex of epithelial cells,
play a major role in the maintenance of lipid polarity between
the apical and basolateral membrane regions. Whereas lipids in
the cytoplasmic membrane leaflet diffuse freely all around the
cell, intact tight junctions prevent the mixing of lipids localized
on the outer leaflet [68, 69]. Accordingly, the polarized distri-
bution of lipids between the apical and basolateral membrane
domains must essentially be a property of the outer membrane
leaflet, a view supported by fluidity measurements in living
MDCK cells [511. Determination of phospholipid topology in
renal brush border membranes support this notion: phospho-
lipid distribution between inner and outer leaflets is highly
asymmetrical with sphingomyelin accounting for 3/4 of the
outer leaflet phospholipids [70]. Taking into account the pref-
erential localization of glycolipids in plasma membranes [re-
viewed in 71], a similar situation is likely to occur in intestinal
membranes with glycosphingolipids occupying the place of
sphingomyelin in renal proximal cells.
Taken together, these data demonstrate that as expected
from a role of lipids in regulating proteins function, a marked
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lipid polarity is generally associated to the polarity of mem-
brane proteins in epithelial cells.
Relationships between membrane fluidity/composition and
transport functions in epithelial cells
(A) Sensitivity of proteins to their lipidic environment
As regard to lipid/protein interactions, epithelial membrane
proteins can be classified, as are membrane proteins of other
cells, within two main categories: those which are sensitive to
the fluidity and/or the lipid composition of their environment
and those which are not. Because all membrane lipids are likely
to be affected, Arrhenius plots with simultaneous determina-
tions of membrane physical state and response, at constant
temperature, to modulation of fluidity by selected fluidity
perturbing agents like local anaesthetics, constitute good tests
for establishing the sensitivity of a given protein to the fluidity
of its environment. The most complete informations on trans-
port-proteins/lipid fluidity (composition) relationships in epithe-
hal cells have been obtained on the Na ,K-ATPase of the
basolateral membrane, and on the sodium dependent glucose
and phosphate transport systems localized in apical membrane
domains. Proteins whose activity is, if any, poorly affected by
membrane physical state such as enzymes like gamma-glutamyl
transpeptidase or leucine aminopeptidase, or transport systems
such as the renal Na-alanine cotransport [11, 72, 73] will not be
discussed in detail.
Na,K-ATPase
The demonstration, in 1973 in lamb kidney outer medulla, of
the existence of a break in the Arrhenius plot of the ATPase
activity whose temperature (approximately 20°C) corresponded
to the lower end of a thermotropic lipid transition of membrane
lipids [74] brought a major argument in favor of the dependence
of the enzyme on membrane physical state. Breaks in Na,K-
ATPase activity also corresponding to the lower end of phase
separations, around 20°C, have been reported for basolateral
membranes from the dog kidney cortex and from the intestine
[11, 39]. The findings that purified Na,K-ATPase is associ-
ated with about 240 molecules of phospholipids including the 60
molecules constitutive of the lipid annulus, and that irreversible
loss in activity might occur upon delipidation of the enzyme
strengthened the view of the lipid dependence of its activity
[reviewed in 75]. In fact, cooperative lipid activation of the
ATPase is likely to be the consequence of strictly non-cooper-
ative binding events involving 30 boundary lipid binding sites
per ATPase monomer [761. This notion has been supported by
a variety of experiments. Using reconstitution of the enzyme in
artificial membranes it was established that, not only the
temperature, but also the existence of the break in the Arrhe-
nius plot was function of the lipid used for reconstitution [77,
78]. Decreasing membrane fluidity of bovine kidney basolateral
membranes by increasing their cholesterol content in vitro
markedly inhibits the ATPase activity [79]. A comparable
inhibition, directly correlated to an increase in membrane
viscosity, was reported for lamb kidney preparations partially
depleted in phospholipids [80]. Using Na,K-ATPase from
electric eels it was demonstrated that the decrease in membrane
fluidity brought by cholesterol exerted an inhibitory effect on
the conversion of the ADP and K-sensitive (E*P) to the
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K-sensitive ADP-insensitive (E2P) intermediates [81]. Lipid
sensitivity of conformational changes associated with ATPase
activity was also recently confirmed by experiments under high
hydrostatic pressure [82]. Differences in conformational state
are likely to be involved in the lipid dependence of cardiac
glycoside inhibition of the enzyme [83, 841. Because of the
difference in fluidity between apical and basolateral membranes
it can be predicted that even if present in the apical membrane
of epithelial cells the activity of the Na ,K-ATPase should be
at least markedly reduced if not simply undetectable. In fact,
fluidization of the apical membrane of hepatocytes reveals the
presence of significant amounts of Na,K-ATPase, which
suggests that in these cells the enzyme is distributed in both
domains but functions specifically in the basolateral membranes
because of their higher bulk lipid fluidity [45]. Recent studies
also indicate that in polarized MDCK cells the Na ,K-ATPase
is delivered to both apical and basolateral domains but that the
apical enzyme is not active [85]. On the other hand, increase in
membrane fluidity, at constant temperature, by local anaesthet-
ics or aliphatic alcohols generally exerts biphasic effects: a
moderate increase in fluidity stimulates the activity whereas
larger increases inhibit it markedly [86—88]. Inhibition of the
enzyme by exogenous unsaturated fatty acids [89—90] might
result at least partly of an effect on membrane fluidity. Taken
together these observations agree with the optimal fluidity
hypothesis for the function of a given membrane protein [7].
It must be emphasized that on many occasions changes in
ATPase activity corresponded to changes in the maximal rate of
the reaction. Because most of the experiments were performed
on isolated membrane preparations, this indicates that either
the number of operative units or the efficiency of each operative
unit, or both, can be modified in a membrane without any
changes in endo- or exocytic processes. Such a situation was
already described for the marked dependence of some mem-
brane receptors upon the fluidity of their environment [re-
viewed in 7].
Sodium-dependent glucose transport
Temperature dependence of glucose transport by kidney
cortex brush border membrane vesicles (BBM) is characterized
by curvilinear Arrhenius plots with "break point" temperatures
between 14 and 19°C [9 1—94]. These temperatures are slightly
lower than those determined as the lower end of the liquid
crystal to gel transition. This suggests that the glucose carrier is
associated with the most fluid lipid species present in the renal
BBM and that these species represent only a small amount of
the total lipids. The sensitivity of the carrier to its lipidic
environment is confirmed by its reconstitution into liposomes
[95]. Apparent activation energy of the transport process is
raised 3 to 8 times when temperatures are lowered below the
break points [91—95]. Similar biphasic plots are obtained for
intestinal BBM. For this organ, however, the temperature of
the break is approximately ten degree higher than in the kidney
and significantly above the lower end of the lipid transition [11].
The lipid environment of the intestinal carrier must therefore
differ from that of the renal transport system and be more
viscous.
Fluidization, at a constant temperature, of isolated renal
BBM by local anaesthetics, like benzyl alcohol, markedly
decreases their sodium-dependent glucose transport. Thus in-
creasing BBM fluidity by 5 to 10%, that is, under conditions
where the sodium fluxes and the vesicular volume are un-
changed [72, 96], reduced by more than 50% the Vmax of the
transport system leaving its affinity unchanged [72, 97]. Corre-
sponding determinations of the number of active carriers by the
binding of phlorizin demonstrated that the decrease in Vmax
upon fluidization is due to an apparent decrease in the number
of carriers present in the BBM, that is, a decrease in the number
of operative carriers [96, 97]. This decrease in operative units
was partly compensated by an increase in their turnover num-
ber. Further fluidization, besides a higher inhibition of the
Vmax, also increased the affinity of the transport system [72]. A
comparable decrease in the Vmax of the sodium coupled glucose
transport occurs in intact LLC-PKI cells and proximal tubular
cells in primary culture upon fluidization by benzyl alcohol [17,
73]. Opening of the tight junctions in these confluent monolay-
ers, which results in the diffusion of the outer leaflet membrane
lipids and hence in a fluidization of the apical domain, similarly
lowered the glucose uptake by decreasing the Vmax of transport
[73]. It is noteworthy that in these experiments glucose trans-
port was depressed for fluidization degrees which did not alter
the Na dependent alanine transport, indicating the absence of
an effect on the sodium gradient.
The sensitivity of the intestinal Na-glucose transport to
changes in membrane fluidity is also clearly established [10, 11,
98]. As for the Na,K-ATPase, it likely involves large con-
formational changes of the carrier(s) through the transport steps
[99, 100]. The response of the carrier to an increase in fluidity at
constant temperature is, however, more variable than in the
kidney.
Sodium-dependent phosphate transport
Evidences for the sensitivity of renal BBM Na-phosphate
transport to the physical state of its lipidic environment origi-
nate from the observations of non-linear Arrhenius plots [93,
94, 101]. In normal rats, temperature of the "break" towards
the lower end of the thermotropic lipid transition is around 23°C
[93, 101], that is, 5 to 8 degrees higher than that corresponding
to the renal Na-glucose transport system. Existence of breaks
at different temperatures for different enzymes, corresponding
to multiple lipid phase separations within a membrane, was
previously reported for bacteria [102]. They suggest that the
environment of the Na-phosphate carrier differs, being proba-
bly more ordered, from that of the Na-glucose. This agrees with
the view of a lateral heterogeneity of membrane constituants in
BBM. Sensitivity of the Na-phosphate carrier to membrane
fluidity was further tested by increasing membrane fluidity at
constant temperature using benzyl alcohol. Both in isolated
BBM and in cultured renal cells, a moderate fluidization stim-
ulates the Na-phosphate transport whereas it simultaneously
inhibits Na-glucose transport [17, 73, 96]. This stimulation
resulted from an increase in the Vmax of the transport system,
leaving its affinity unchanged. By contrast with the glucose
carrier, the number of operative phosphate carriers (accessibil-
ity), as estimated from phosphonoformic acid binding, was not
affected by fluidity. Rather, the efficiency of each transporting
unit was increased. These data have been recently challenged
by experiments in which brush borders were fluidized by
aliphatic alcohols [103], but the very low BBM anisotropy
values in controls and their limited reactivity to the alcohols
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rendered difficult interpretation of the data. Juxtamedullary
BBM are significantly less fluid than superficial cortex BBM. In
accordance with this fluidity gradient, the lower Na-Pi cotrans-
port activity ofjuxtamedullary BBM is partly due to a decrease
in the carrier turnover number [63].
Other protein-mediated transports
Using comparable methods, various transport systems have
been shown to be affected by membrane fluidity. They include
the renal Na-proline [56], Na-taurine [104] and p-aminohippu-
rate [105] transports systems, the intestinal Na-H exchanger
[106], intestinal apical and basolateral calcium transports [107—
1091, chloride transport in parotid secretory granules [1101, and
corneal epithelium [1111.
Taken together, these indicate that the activity of various
epithelial transport systems is modulated by membrane fluidity.
The relationships between transport activities and fluidity are,
however, extremely complex. Part of this complexity could
result from the following:
(A) To each protein or family of membrane proteins might
correspond an optimum of fluidity (or lipid environment). This
hypothesis is supported by comparison of the fluidity depen-
dence of Na ,K-ATPase, Na-glucose and Na-phosphate
cotransports. Thus Na ,K-ATPase would have a low activity
if localized within an environment of viscosity comparable to
that of the apical membrane. Conversely, the activity of glucose
and phosphate cotransport systems would drop if localized in a
basolateral environment. The observations that a moderate
increase in fluidity of BBM can simultaneously enhance phos-
phate transport and decrease glucose transport further suggest
that the different carriers may not function optimally under
physiological conditions. Besides the different response of
different proteins to the same modification of membrane fluid-
ity, the lipidic environment and hence the fluidity around each
class of carrier might not be the same. Evidences for the
heterogeneity of the lateral distribution of lipidic constituents,
in renal and intestinal BBM support such a possibility. These
working hypotheses are schematized in Figure 3.
(B) Membrane fluidity can modulate transport processes at
different levels. The examples of Na-glucose and Na-phosphate
cotransports for which the kinetic constants and the number of
transporting units can be evaluated allow a better analysis of the
fluidity/transport relationships. As summarized in Table 3,
overall changes in membrane fluidity seems to affect both the
accessibility and the translocation of glucose. On the other
hand, accessibility of the phosphate carrier is poorly sensitive
to changes in fluidity which essentially affect the translocation
step. In both cases the data indicate that the Vmax of transport
systems can be modified without changing the total number of
carriers present in the membrane.
(B) Alterations in membrane fluidity in
physiological/pathological conditions
Assuming a physiological role .n membrane fluidity implies
changes in this parameter occur in a variety of conditions.
Examples of such variations in renal, intestinal and liver
epithelial cells are presented in Table 4. For renal epithelial
cells, changes in membrane fluidity have been reported for
kidney maturation, aging, ischemia, low Pi diet, gentamicin
Fluidity
Fig. 3. Schematic view of relationships between protein activity and
fluidity in plasma membrane domains of epithelial cells. The activities
of two lipid-sensitive transport proteins localized in the apical mem-
branes (P1, P2), and of two transport proteins of the basolateral domain
(P3, P4) are plotted as a function of membrane fluidity (relative units).
Open bars correspond to the physiological fluidity range of apical
(BBM) and basolateral (ALM) plasma membrane domains. This hypo-
thetical view emphasizes that different proteins may require different
membrane fluidities for optimal activity.
Table 3. Differential effects of membrane fluidity on sodium-
dependent cotransport systems
D-glucose Phosphate L-alanine
Activity + + —
Accessibility + — ND
Translocation + + ND
treatment, succinylacetone-induced Fanconi syndrome, intoxi-
cation by insecticide, and ADH administration [521. The signif-
icant changes in C/P ratio observed following vitamin D induced
hypercalcemia [60] and the important modifications in the
phospholipid composition of plasma membranes after mercuric
chloride treatment [61] are also likely to alter the fluidity
properties of membranes. Significantly, in terms of regulation,
the fluidity of apical membrane can be varied independently of
that of the basolateral membrane [112], an observation also
made for intestinal cells [10]. Maturation, aging, vitamin D,
estrogens, glucocorticoids, thyroid hormones, and divalent
cation concentrations are among the factors known to modulate
the fluidity of intestinal cells [reviewed in 10, 11]. Insulin,
estrogen treatment, lipid peroxidation, PGI2, glucocorticoids
and noradrenaline modulate fluidity of liver plasma membranes.
In toad urinary bladder, ADH or dibutyryl cAMP administra-
tion changes plasma membrane fluidity [129, 130]. Thus, as in
non-polarized cells [reviewed in 7], the fluidity state of the
plasma membrane of epithelial cells depends on physiological!
pathological conditions. In many occasions, evidence was
brought that, as expected, these changes affect transport func-
tions.
BBM ALM
2'
>
1000
750
500
250
0
0 1 2 3 4
Symbols are: +, fluidity affects the parameter; —, no effect; ND, not
determined.
Le Grimel/ec et a!: Membrane fluidity in epithelial cells 831
Table 4. Examples of physio-pathological modifications of fluidity in epithelia
Kidney Fluidity Ref Intestine Fluidity Ref Liver Fluidity Ref
Maturation
Aging
Low Pi diet
Ischemia
Exp. Fanconi
Pesticide intox.
Gentamicin
ADH
D
D
I
I
I
D
I
I
56, 113
114
103, 112
97
115
116
117
118—120
Maturation
Aging
Unsat. diet
Estrogens
Thyroid horm.
Glucocorticoids
Streptozotocin
Vit D
D
D
I
D
D
I
D
I
10, 98
10, Il
10
121
122
106
11
11
Insulin
Estrogens
Thyroid horm.
PGI2
Norepinephrine
Glucocorticoids
Angiotensin
Peroxydation
D
D
I
I
I
I
I
D
123
124
124
125
126
127
126
128
Abbreviations are: D, decrease; I, increase.
Table S. Relationships between membrane fluidity and Nat, K-
ATPase activity
Material Condition Fluidity Chol. (C/P) Activity Ref
Renal micros.
Renal ALM
Phospholipase
Peroxydation
Vit. D
I
(D)
(D)
—
—
I
I
D
D
80
133
60
Intest. ALM
Liver ALM
Unsat. diet
Methylation
Estrogens
Estrogens
Thyroid hormone
Cortisone
I
I
D
D
I
I
—
—
I
I
D
D
I
I
D
D
I
1
11
87
121
124
124
124
Abbreviations are: Chol. (CIP), variation in cholesterol content or in
the cholesterol/phospholipid ratio; Unsat., unsaturated fatty acids; PL,
phospholipids; D, decrease; I, increase; —, not determined; ( ), not
directly determined but predictable from the data of literature.
Na,K-ATPase. As summarized in Table 5, changes in
NaJK-ATPase activity of epithelial cells following a variety of
treatments can be explained by concomitant changes in mem-
brane fluidity. Both in the liver and in the ileum, estrogen
treatment results in a decrease in membrane fluidity, corre-
sponding to an increase in the (C/P) ratio, accompanied by a
decrease in Na,K-ATPase activity [121, 124]. In vitro fluid-
ization of membranes to a level comparable to that of non-
treated animals reversed the inhibition of the ATPase [121]. The
increase in the C/P ratio of kidney basolateral membranes from
rats with vitamin D-induced hypercalcemia was also associated
with a decrease in Na,K-ATPase activity [60]. Variations in
dietary fats alter the fluidity and the ATPase of intestinal plasma
membranes [11]. A similar situation seems to prevail for renal
membranes [1311. Lipid peroxidation has been shown to de-
crease membrane fluidity in intestinal and liver membranes
[128, 132]. Inhibition of the renal ATPase activity following
peroxidation [133] might result from an identical mechanism.
Finally, the decrease in turnover number observed upon aging
might also be dependent on changes in the plasma membrane
physical state/lipid composition [134].
Na-dependent glucose transport. Strong correlations be-
tween changes in overall BBM fluidity and glucose transport
activity have been observed over a variety of physiological and
pathological conditions (Table 6). Thus, reversible ischemia
which markedly reduces Na-glucose transport leaving Na-
alanine transport unchanged is associated with an increase in
membrane fluidity, and in the turnover number of the glucose
carriers, and with a decrease in the number of operative carriers
of rat kidney BBM [97]. Treatment of rats with succinylace-
tone, a compound formed and excreted in abnormal quantity by
humans suffering hereditary tyrosinemia and secondary renal
Fanconi syndrome, results in a marked increase in BBM fluidity
accompanied by a decrease in sodium-coupled glucose trans-
port [115]. Of particular interest are the experiments which
correlate the development of the kidney with the maturation of
the glucose transport system. From the fetus to the adult, the
fluidity of apical membrane decreases [56, 113, 135]. Associated
with this decrease, the Vm of the glucose transport increases
as increases the number of operative carriers present in the
BBM. The turnover number, however, decreases with matura-
tion [135]. A similar increase in the Vmaxand in the height of the
overshoot as a function of the decrease in BBM fluidity upon
kidney maturation is described for the Na-proline transport
system [56]. Taken together, these findings agree with the
proposal that the overall effect on Na-dependent glucose trans-
port is the result of the effects on both the accessibility and the
rate of translocation of the carrier which are affected in opposite
directions by the changes in fluidity. All changes in membrane
fluidity are not accompanied by changes in glucose transport:
for example, three days of gentamicin administration or low
phosphate diet results in a significant increase in renal BBM
fluidity without modification of glucose transport [96, 1171.
Besides the possibility that changes in accessibility might be
exactly compensated by modifications of the turnover, such
observations might rather result from the following: changes in
fluidity brought by local anaesthetics, ischemia or maturation
concern the whole fluidity (or composition) of the apical mem-
brane. On the other hand, changes in fluidity recorded after
gentamicin or a low-Pi diet might correspond to changes local-
ized within specialized domains of the BBM, which as dis-
cussed before, is heterogeneous, and will have little effect on
the more fluid environment of the Na-glucose carrier.
Na-dependent phosphate transport. Several days of low Pi
diet are accompanied by an increase in Pi reabsorption, and a
specific increase in apical membrane fluidity associated with a
decrease in its cholesterol content [112]. The enhanced Na-Pi
transport by isolated BBM corresponds to an increase in the
Vmax but not in the number of transporters, that is, a faster
translocation [96] (Table 6). Although it has been proposed that
early stages of low-Pi diet adaptation might proceed indepen-
dently of changes in membrane fluidity [103], in vitro replen-
ishment of low-Pi BBM, by cholesterol hemisuccinate, towards
cholesterol and fluidity levels comparable to those of control
animals restored the control values for Pi transport, leaving
Na-glucose unaffected [136]. Furthermore, the data suggest
that, besides its effect on fluidity, cholesterol may act as a direct
modulator of Na-Pi cotransport activity. Impaired phosphate
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Table 6. Relationships between changes in membrane fluidity and in activity of renal sodium-glucose and sodium-phosphate transport systems
Structure Condition Fluidity Vmax
Operative
unit number
Turnover
number Ref
Na-glucose
Na-phosphate
Ischemia
Maturation
Exp. Fanconi
Gentamicin
Cholesterol repletion
Low Pi diet
Cholesterol repletion
Gentamicine
Juxta. vs. Sup.
I
D
I
I
D
I
D
I
D
D
I
D
NC
NC
I
D
D
D
D
I
—
—
—
NC
NC
D
D
I
D
-
—
—
1
D
NC
D
96,
97
135
115
117
136
112,
136
117
63
136
Abbreviations are: D, decrease; I, increase; —, not determined; NC, no change; Exp. Fanconi, experimental Fanconi syndrome produced by
succinylacetone.
transport associated with decreased membrane fluidity was also
observed in the aged rat [114]. In vitamin D-depleted rats,
administration of 1 ,25(OH)2D3 stimulates the BBM sodium
dependent Pi uptake by increasing the max of the system [93,
137, 138]. Vitamin D modifies the temperature of the breaks in
Arrhenius plots of Na-dependent phosphate transport, but had
no effect on Na-dependent glucose transport assayed either at
constant temperature or in temperature-dependent experiments
[93]. The finding that 1 ,25(OH)2D3 administration increased the
phosphatidyicholine content of renal BBM, especially with
those fluid species enriched in linoleic acid [1391, which, when
transferred from liposomes to BBM, stimulate Pi transport
[1401, favors both a lipid specificity and a fluidizing effect
localized to the Pi carrier immediate environment. Such specific
alterations might also be responsible for the unexpected effect
of gentamicin on Pi transport (Table 6). It is noteworthy that, as
observed in intact cultured cells [17, 73], large increases in
membrane fluidity such as those obtained in the succinylace-
tone model of the Fanconi syndrome, result in an inhibition of
the Na-Pi cotransport [1411. This biphasic dependence of activ-
ity on fluidity agree with the optimal fluidity model.
(C) Is membrane fluidity a physiological modulator of
membrane function?
Taken together, these data show that the physiological!
pathological induced changes in fluidity result in modifications
of transport properties that were, in numerous circumstances,
predictable from the sensitivity of the protein to its environ-
ment. This correlation is surprisingly good taking into account
that membrane fluidity is only one among the modulators of the
activity of proteins in plasma membranes: modification of the
number of specific transporting units by endocytic!exocytic
processes as well as in situ chemical modifications of existing
transporters can also regulate transport activities.
Although this strongly suggests that fluidity exerts a role in
the control of membrane functions and that the relative impor-
tance of each pathway in the regulation might depend on the
protein itself, the regulatory signal, the cell basal condition,
etc., there is actually no unanimity for considering membrane
fluidity as a physiological modulator of cellular functions. The
importance of fluidity in protein function is regularly challenged
[19—23, 142, 143], but the major argument raised against such a
regulatory role is theoretical. It concerns the specificity of the
changes in fluidity. Thus, it is argued that perturbations in the
bilayer fluidity induced, for example, by hormones will influ-
ence the activity of a wide range of proteins and thus lack the
specificity that is the hallmark of a classic hormone receptor.
This view, however, does not take into account the heteroge-
neity (a) of membranes, with various domains whose fluidities
might be modulated individually. A marked change in the
fluidity (and!or lipid composition?) of a particular domain which
might more specifically alter the activity of a class of proteins
(like vitamin D or gentamicin on Pi transport?), will be for the
common fluidity probes, assimilated to a slight change in overall
membrane fluidity. This is compatible with the observation that
changes in fluidity following specific association between a
membrane receptor and its ligand are generally of low ampli-
tude (b) of responses of differents proteins to a fluidity change
(for example, Na-dependent transports of glucose, phosphate
and alanine). Controversial results on the influence of dietary
lipids on membrane fluidity!functions have also nourished the
controversy about the physiological role of fluidity. As has been
recently reviewed, considering both the lateral heterogeneity
and the initial value of membrane fluidity significantly improves
the coherence of the data, and the influence of dietary lipids on
membrane structure must now be considered a primary target
for preventive and even therapeutic interventions [144].
Besides the strong evidence for the existence of micro- and
macro-domains, there is also good argument for the size and the
physical state of these domains to be dependent on "extrinsic"
parameters such as the local pH, Ca2, transmembrane poten-
tial, cytoskeleton!membrane interactions as well as activation
of phospholipases A2 and C (sphingomyelinase?) [reviewed in
35], that is, factors known to be involved in numerous physio-
logical responses. Methylation of phosphatidylethanolamine
(PE) to phosphatidylcholine (PC) has also been proposed to
explain the changes in membrane fluidity which rapidly follow
beta-adrenergic receptors occupancy by agonists [145, 146].
The quantitative importance of PE methylation in these mem-
brane fluidity changes has, however, been seriously questioned
[1471. Indeed, in intestinal basolateral membranes, methylation
is associated with an increase in membrane fluidity and
Na,K-ATPase activity [98].
Schematically, general, non-localized, effects on membrane
fluidity like those produced by local anaesthetics, toxic agents
(succinylacetone) or pathological conditions (?) will affect the
function of all membrane-bound lipid-sensitive proteins,
whereas selective effects will be obtained through modifications
of domains. Actually, however, there is no definite proof for a
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physiological regulation of domains. Development of new ap-
proaches, likely based on imaging video-microscopy technol-
ogy, is required to establish the validity of this model.
Conclusion
There is now good evidence that, in epithelial cells, mem-
brane fluidity has a marked effect on the activity of various
transport systems. For these systems, the lipid fluidity/compo-
sition polarity between apical and basolateral membranes ap-
pears to be the determinant for full expression of the vectorial
functions of epithelia. Many physiological and pathological
conditions which result in alterations of membrane fluidity are
associated with predictable alterations in the activity of these
transport systems. Experiments on simple reconstituted sys-
tems using proteins, like rhodopsin, where the knowledge of the
molecular organization in membrane is the most advanced, start
to provide the physical basis for an understanding of the effect
of fluidity on proteins activity. On the other hand, there is still
no unanimity on a role of membrane fluidity in cell physiology.
This might reflect both the complexity and heterogeneity of
membrane organization and the multiple ways to regulate the
activity of a membrane protein. Studies on membrane struc-
ture, composition and lipid dynamic in epithelial cells under
various physio-pathological states should help to better define
to what extent fluidity controls transport functions.
CHRISTIAN LE GRIMELLEC,
GERARD FRIEDLANDER,
EL HossAiN EL YANDOUZI,
PHILIPPE ZLATKINE, and
MARIE-CECILE GI0c0NDI
Paris, France
Reprint requests to Christian Le Grimellec, L.E.M., INSERM U251,
Faculty of Medicine Xavier Bichat, 16, rue Henri Huchard, 75018
Paris, France.
References
I. CHAPMAN D, BYRNE P, SHIPLEY GG: The physical properties of
phospholipids. Proc R Soc London (Ser. A) 290:115—142, 1966
2. SINGER SJ, NIcoLsoN GL: The fluid mosaic model of the structure
of cell membranes. Science 175:720—731, 1972
3. REINERT JC, STEIM JM: Calorimetric detection of a membrane-
lipid phase transition in living cells. Science 168:1580—1582, 1970
4. La GRIMELLEC C, LEBLANC 0: Temperature-dependent relation-
ship between K influx, Mg-ATPase activity, transmembrane po-
tential and membrane lipid composition in Mycoplasma. Biochim
Biophys Acta 599:639—651, 1980
5. ALOIA RC, JENSEN FC, CURTAIN CC, MOBLEY PW, GORDON
LM: Lipid composition and fluidity of the human immunodefi-
ciency virus. Proc NatI Acad Sci USA 85:900—904, 1988
6. LEHR HA, ZIMMER JP, HUBNER C, BALLMANN M, HACHMANN
W, VOGEL W, BAISCH H, HARTTER P, ALBANI M, KOHLSCHUT-
TER A, SCHMITZ H: Decrease binding of HIV-1 and vasoactive
intestinal peptide following plasma membrane fluidization of
CD4 cells by phenytoin. Virology 179:609—617, 1990
7. SHINITZKY M: Membrane fluidity and cellular functions, in Phys-
iology of Membrane Fluidity, edited by SHINITZKY M, Boca
Raton, CRC Press, 1984, pp 1—52
8. CURTAIN CC, GORDON LM, ALOIA RC: Lipid domains in biolog-
ical membranes, in Advances in Membrane Fluidity (vol 2), edited
by ALOIA RC, CURTAIN CC, GORDON LM, New York, Alan Liss,
1988, pp 1—15
9. SCHACHTER D: Fluidity and function of hepatocyte plama mem-
branes. Hepatology 4:140—151, 1984
10. SCHACHTER D: Lipid dynamics and lipid-protein interactions in
intestinal plasma membranes, in Progress in Protein-Lipid Inter-
actions, edited by WATTS A, DE PoINT JJHHM, Amsterdam,
Elsevier, 1985, pp 231—258
11. BRASITUS TA, DUDE.JA PK: Small and large intestinal plasma
membranes: Structure and function, in Advances in Membrane
Fluidity (vol II), edited by AL0IA RC, CURTAIN CC, GORDON LM,
New York, Alan Liss, 1988, pp 227—254
12. LANDS WE, DAVIS FS: Definitions, explanations and an overview
of membrane fluidity, in Membrane Fluidity in Biology (vol 2),
edited by ALOIA RC, New York, Academic Press, 1983, pp 1—4
13. VAN DER MEER W: Physical aspects of membrane fluidity, in
Physiology of Membrane Fluidity, edited by SHINITZKY M, Boca
Raton, CRC Press, 1984, pp 53—72
14. JAIN MK, WAGNER RC: Partitioning of solutes in bilayers, in
Introduction to Biological Membranes, edited by JAIN MR. WAG-
NER RC, New York, John Wiley, 1980, pp 117—142
15. CARRUTHERS A, MELCHIOR DL: Studies of the relationship be-
tween bilayer water permeability and bilayer physical state. Bio-
chemistry 22:5797—5807, 1983
16. FRIEDLANDER U, LE GRIMELLEC C, GlocoNDi MC, AMIEL C:
Benzyl alcohol increases membrane fluidity and modulates cyclic
AMP synthesis in intact renal epithelial cells. Biochim Biophys
Acta 903:341—348, 1987
17. FRIEDLANDER G, La GRIMELLEC C, AMIEL C: Increase in mem-
brane fluidity modulates sodium-coupled uptakes and cyclic AMP
synthesis by renal proximal tubular cells in primary culture.
Biochim Biophys Acta 1022:1—7, 1990
18. HOUSLAY MD, GORDON LM: The activity of adenylate cyclase is
regulated by the nature of its lipid environment, in Current Topics
in Membrane and Transport (vol 18), edited by KLEINZELLER A,
New York, Academic Press, 1983, pp 179—231
19. WILSON ML, DAHLQUIST FW: Membrane protein conformational
change dependent on the hydrophobic environment. Biochemistry
24: 1920-1928, 1985
20. MITCHELL DC, STRAIJME M, MILLER JL, LITMAN BJ: Modula-
tion of metarhodopsin formation by cholesterol-induced ordering
of bilayer lipids. Biochemistry 29:9143—9149, 1990
21. ESFAHANI M, DEVLIN TM: Effects of lipid fluidity on quenching
characteristics of tryptophan fluorescence in yeast plasma mem-
brane. J Biol Chem 257:9919—9921, 1982
22. OHYASHIKI T, TAKA M, MOHRI T: The effects of ionic strength on
the protein conformation and the fluidity of porcine intestinal
brush border membranes. J Biol Chem 260:6857—6851, 1985
23. BOESZE-BATTAGLIA K, ALBERT AD: Cholesterol modulation of
photoreceptor function in bovine retinal rod outer segments. JBiol
Chem 265:20727—20730, 1990
24. CANFIELD VA, MACEY RI: Anion exchange in human erythro-
cytes has a large activation volume. Biochim Biophys Acta 778:
379—384, 1984
25. YULI I, WILBRANDT W, SHINITZKY M: Glucose transport through
cell membranes of modified lipid fluidity. Biochemistry 20:4250—
4256, 1981
26. MCNAMEE MG, FONG TM: Effects of membrane lipids and fluidity
on acetylcholine receptor function, in Advances in Membrane
Fluidity (vol 2), edited by ALOIA RC, CURTAINCC, GORDON LM,
New York, Alan Liss, 1988, pp 43—62
27. HOUSLAY MD, STANLEY KK: Dynamics of Biological Mem-
branes. Chichester, John Wiley, 1982
28. MCELHANEY RN: Membrane lipid fluidity, phase state, and mem-
brane function in prokayotic micro-Organisms, in Membrane Flu-
idity in Biology (vol 4), edited by ALOIA RC, BOGGS JM, Orlando,
Academic Press, 1985, pp 147—208
29. VAN BLITTERSWIJK WJ, VAN HOEVEN RP, VAN DER MEER BW:
Lipid structural order parameters (reciprocal of fluidity) in bio-
membranes derived from steady-state fluorescence polarization
measurements. Biochim Biophys Acta 644:323—332, 1981
30. VAN BLITTERSWIJK WJ, VAN DER MEER BW, HILKMANN H:
Quantitative contributions of cholesterol and the individual
classes of phospholipids and their degree of fatty acyl (un)satura-
tion to membrane fluidity measured by fluorescence polarization.
Biochemistry 26:1746—1756, 1987
834 Le Grimellec et at: Membrane fluidity in epithelial cells
31. SAWYER WH: Fluorescence spectroscopy in the study of mem-
brane fluidity, in Advances in Membrane Fluidity, edited by
ALOIA RC, CURTAIN CC, GORDON LM, New York, Alan Liss,
1988, pp 161—191
32. KLAUSNER RD, KLEINFELD AM, HOOVER RL, KARNOVSKY MJ:
Lipid domains in membranes. J Biol Chem 255:1286—1295, 1980
33. AXELROD D, KOPPEL DE, SCHLESSINGER J, ELSON E, WEBB
WW: Mobility measurement by analysis of fluorescence photo-
bleaching recovery kinetics. Biophys J 16:1055—1069, 1976
34. KNOLL W, SCHMIDT G, ROTZER H, HENKEL T, PFEIFFER W,
SACKMANN E, MITTLER-NEBER S, SPINKE J: Lateral order in
binary lipid alloys and its coupling to membrane functions. Chem
Phys Lipid 57:363—374, 1991
35. KINNtJNEN PKJ: On the principles of functional ordering in
biological membranes. Chem Phys Lipid 57:375—399, 1991
36. TOCANNE JF, DUPOU-CEZANNE L, LOPEZ A, TOURNIER iF: Lipid
lateral diffusion and membrane organization. FEBS Leit 257:10—
16, 1989
37. RODGERS W, GLASER M: Characterization of lipid domains in
erythrocyte membranes. Proc Nat! Acad Sci USA 88:1364-1368,
1991
38. YECHIEL E, EDItuN M: Micrometer-scale domains in fibroblast
plasma membranes. J Cell Biol 105:755—760, 1987
39. LE GRIMELLEC C, Giocorr MC, CARRIERE B, CARRIERE S,
CARDINAL J: Membrane fluidity and enzyme activities in brush
border and basolateral membranes of the dog kidney. Am J
Physiol 242:F246—F253, 1982
40. LE GRIMELLEC C, CARRIERE S, CARDINAL J, GIOCONDI MC:
Fluidity of brush border and basolateral membranes from human
kidney cortex. Am J Physiol 245:F227—F231, 1983
41. HI5E MK, MANTULIN WW, WEINMAN EJ: Fluidity and compo-
sition of brush border and basolateral membranes from rat kidney.
Am J Physiol 247:F434—F439, 1984
42. LLLSLEY NP, LIN HY, VERKMAN AS: Lipid-phase structure in
epithelial cell membranes: comparison of renal brush border and
basolateral membranes. Biochemistry 27:2077—2083, 1988
43. Morros B, HOILIEN C: Static and dynamic components of
renal cortical brush border and basolateral membrane fluidity:
Role of cholesterol. J Membr Biol 99:165—172, 1987
44. LIPKOWITZ MS, ABRAMSON RG: Differential permeabilities of rat
renal brush-border and basolateral membrane vesicles. Am J
Physiol 256:Fl8—F28, 1989
45. SUTHERLAND E, DIXON BS, LEFFERT HL, SKALLY H, ZACCARO
L, SIMON FR: Biochemical localization of hepatic surface-mem-
brane Na ,K-ATPase activity depends on membrane fluidity.
Proc Nail Acad Sci USA 85:8673—8677, 1988
46. WORMAN HJ, BRASITUS TA, DUDEJA PK, FOZZARD HA, FIELD
M: Relationship between lipid fluidity and water permeability of
bovine tracheal epithelial cell apical membranes. Biochemistry
25:1549—1555, 1986
47. ILLsLEY NP, LIN HY, VERKMAN AS: Lipid domain structure
correlated with membrane protein function in placental microvil-
lus vesicles. Biochemistry 26:446—454, 1987
48. LAJEUNESSE D, GIOC0NDI MC, CARRIERE S, LE GRIMELLEC C:
Calcium, magnesium et bordure en brosse rénale. Med Sci 1:384—
387, 1985
49. HAUSER H, HOWELL K, DAWSON RMC, BOWYER DE: Rabbit
small intestinal brush border membrane: Preparation and lipid
composition. Biochim Biophys Acta 602:567—577, 1980
50. BJORKMAN DJ, BRIGHAM EJ: Differences in composition and
fluidity of intestinal microvillus membrane vesicles prepared by
different methods. Biochem Biophys Res Comm 170:433—440, 1990
51. LE GRIMELLEC C, FRIEDLANDER G, GlocoNDi MC: Asymmetry
of plama membrane lipid order in Madin-Darby canine kidney
cells. Am J Physiol 255:F22—F32, 1988
52. FUSHIMI K, VERKMAN AS: Relationship between vasopressin-
sensitive water transport and plasma membrane fluidity in kidney
collecting tubule. Am J Physiot 260:C1—C8, 1991
53. CARMEL G, RODRIGUE F, CARRIERE 5, L GRIMELLEC C: Com-
position and physical properties of lipids from plasma membranes
of dog kidney. Biochim Biophys Acta 818:149—157, 1985
54. EPAND RM, RAYMER KE, STAFFORD AR: Thermal transitions in
dog kidney brush border membranes. IRCS Med Sci 14:988—989,
1986
55. Giocor'rn MC, LE GRIMELLEC C: Temperature dependence of
plasma membrane physical state in living Madin-Darby canine
kidney cells. Biochem Biophys Res Comm 162:1004—1009, 1989
56. MEDOW MS, SEGAL 5: Age related changes in fluidity of rat renal
brushborder membrane vesicles. Biochim Biophys Res Comm
142:849—856, 1987
57. BLOJ B, ZILVERSMIT DB: Heterogeneity of rabbit intestine brush
border plasma membrane cholesterol. J Biol Chem 257:7608—7614,
1982
58. EL YANDOUZI EH, LE GRIMELLEC C: Cholesterol heterogeneity
in the plasma membrane of epithelial cells. Biochemistry 31:547—
551, 1992
59. MOLITORIS BA, SIMON FR: Renal cortical brush-border and
basolateral membranes: Cholesterol and phospholipid composi-
tion and relative turnover. J Membr Biol 83:207—215, 1985
60. LEVI M, MOLITORIS BA, BURKE TJ, SCHRIER RW, SIMON FR:
Effects of vitamin-D induced chronic hypercalcemia on rat renal
cortical plasma membranes and mitochondria. Am J Physiol
252:F267—F275, 1987
61. MORRISON AR, PASCOE N: Modification of renal cortical subcel-
lular membrane phospholipids induced by mercuric chloride.
Kidney mt 29:496—501, 1986
62. HISE MK, MANTULIN WW, WEINMAN El: Fatty acyl chain
composition in the determination of renal membrane order. J Clin
Invest 77:768—773, 1986
63. LEVI M: Heterogeneity of Pi transport by BBM by superficial and
juxtamedullary cortex of rat. Am J Physiol 258:F16l6—Fl624, 1990
64. VAN MEER G, SIMONS K: Viruses budding from either the apical
or the basolateral plasma membrane domain of MDCK cells have
unique phospholipid compositions. EMBO J 1:847-852, 1982
65. SPIEGEL S. MATYAS GR, CHENG L, SACKTOR B: Asymmetric
distribution of gangliosides in rat renal brush-border and basolat-
eral membranes. Biochim Biophys Acta 938:270—278, 1988
66. HANSSON GC, SIMONS K, VAN MEER G: Two strains of the
Madin-Darby canine kidney (MDCK) cell line have distinct gly-
cosphingolipid compositions. EMBO J 5:483—489, 1986
67. KAWAI K, FUJITA M, NAKAO M: Lipid components of the two
different regions of an intestinal epithelial cell membrane of
mouse. Biochim Biophys Acta 369:222—233, 1974
68. DRAGSTEN PR, BLUMENTHAL R, HANDLER JS: Membrane asym-
metry in epithelia: Is the tight junction a barrier to diffusion in the
plasma membrane? Nature 294:718—722, 1981
69. VAN MEER G, SIMONS K: The function of tight junctions in
maintaining differences in lipid composition between the apical
and the basolateral cell surface domains of MDCK cells. EMBO J
5: 1455—1464, 1986
70. VENIEN C, LE GRIMELLEC C: Phospholipid asymmetry in renal
brush-border membranes. Biochim Biophys Acta 942:159—168,
1988
71. O DEN KAMP JAF: The asymmetric architecture of membranes,
in New Comprehensive Biochemistry, edited by FINEAN JB,
MICHELL RH, Amsterdam, Elsevier, 1981, pp 83—126
72. CARRIERE B, LE GRIMELLEC C: Effects of benzyl alcohol on
enzyme activities and D-glucose transport in kidney brush-border
membranes. Biochim Biophys Ada 857:131—138, 1986
73. FRIEDLANDER G, SHAHEDI M, LE GRIMELLEC C, AMIEL C:
Increase in membrane fluidity and opening of tight junctions have
similar effects on sodium-coupled uptakes in renal epithelial cells.
JBiol Chem 263:11183—11188, 1988
74. GRISHAM CM, BARNETT RE: The role of lipid-phase transitions in
the regulation of the (sodium + potassium) adenosine triphos-
phatase. Biochemistry 12:2635—2637, 1973
75. ANNER BM: Interaction of (Na + K)ATPase with artificial
membranes. Biochim Biophys Acta 822:319—334, 1985
76. SANDERMANN H JR, GOTTWALD BA: Cooperative lipid activation
of (Na + K)ATPase as a consequence of non-cooperative
lipid-protein interactions. Biochim Biophys Acia 732:332—335,
1983
77. KIMELBERG H, PAPAHADJOPOULOS D: Effects of phospholipid
acyl chain fluidity, phase transitions, and cholesterol on (Na +
Le Grimellec et a!: Membrane fluidity in epithelial cells 835
K)-stimu1ated adenosine triphosphatase. J Biol Chem 249:1071—
1080, 1974
78. TANAKA R, TERUYA A: Lipid dependence of activity-temperature
relationship of (Na,K)-activated ATPase. Biochim Biophys
Acta 323:584—591, 1973
79. YEAGLEPL, YOUNG J, RIcE D: Effects of cholesterol on (Na,
K)-ATPase ATP hydrolyzing activity in bovine kidney. Bio-
chemistry 27:6449—6452, 1988
80. HARRIS WE: Modulation of (Nat, K)-ATPase activity by the
lipid bilayer examined with dansylated phosphatidylserine. Bio-
chemistry 24:2873—2883, 1985
81. YODA 5, YODA A: Phosphorylated intermediates of Na,K-ATPase
proteoliposomes controlled by bilayer cholesterol. J Biol Chem
262:103—109, 1987
82. FORTES PAG: Fluorescence studies of (Na,K)-ATPase under high
hydrostatic pressure. International Symposium on Innovative
Fluorescence Methodologies in Biochemistry and Medicine, Sep-
tember 23—26, Rome, Italy, 1991, p 4
83. ABEYWARDENA MY, CHARNOCK JS: Modulation of cardiac gly-
coside inhibition of (Na + K*)ATPase by membrane lipids.
Biochim Biophys Acta 729:75—84, 1983
84. ABEYWARDENA MY, MCMURCHIE EJ, RUSSELL GR, CHARNOCK
JS: Species variation in the oubain sensitivity of cardiac Na/K-
ATPase. A possible role for membrane lipids. Biochem Pharmaco!
33:3649—3654, 1984
85. HAMMERTON RW, KRZEMLNSKI KA, MAYS RW, RYAN TA,
WOLLNER DA, NELSON WJ: Mechanism for regulating cell surface
distribution of Na,K-ATPase in polarized epithelial cells. Sci-
ence 254:847—850, 1991
86. GRISHAM CM, BARNETT RE: The effects of long-chain alcohols on
membrane lipids and the (Na + K)-ATPase. Biochim Biophys
Acta 311:417—422, 1973
87. BROWN MD, DUDEJA PK, BRASITUS TA: S-Adenosyl-L-methio-
nine modulates Na + K-ATPase activity in rat colonic basolat-
eral membranes. Biochem J 25 1:215—222, 1988
88. SWEET WD, SCHROEDER F: Charged anaesthetics alter LM-
fibroblast plasma-membrane enzymes by selective fluidization of
inner or outer membrane leaflets. Biochem J 239:301—310, 1986
89. AHMED K, THOMAS BS: The effects of long-chain fatty acids on
sodium plus potassium ion-stimulated adenosine triphosphatase of
rat brain. J Biol Chem 246:103—109, 1971
90. SWARTS HGP, SCHUURMANS STEKHOVEN FMAH, DE PONT
JJHHM: Binding of unsaturated fatty acids to Na,K-ATPase
leading to inhibition and inactivation. Biochim Biophys Acta
1024:32—40, 1990
91. KINNE R, MURER H, KINNE-SAFFRAN E, THEES M, SACHS G:
Sugar transport by renal plasma membrane vesicles. J MembrBiol
21:375—396, 1975
92. KIPPEN I, HIRAYAMA B, KLINENBERG JR, WRIGHT EM: Trans-
port of p-aminohippuric acid, uric acid and glucose in highly
purified rabbit renal brush border membranes. Biochim Biophys
Acta 556:161—174, 1979
93. KURNIK BRC, HRUSKA KA: Mechanism of stimulation of renal
phosphate transport by 1,25-dihydroxycholecalciferol. Biochim
Biophys Acta 817:42—50, 1985
94. DE SMEDT H, KINNE R: Temperature dependence of solute
transport and enzyme activities in hog renal brush border mem-
brane vesicles. Biochim Biophys Ada 648:247—253, 1981
95. D& CRUZ MEM, KINNE R, LIN JT: Temperature dependence of
D-glucose transport in reconstituted liposomes. Biochim Biophys
Acta 732:691—698, 1983
96. YUSUFI ANK, SZCZEPANSKA-KONKEL M, HOPPE A, DOUSA TP:
Different mechanisms of adaptive increase in Na-Pi cotransport
across renal brush-border membrane. Am J Physiol 256:F852—
F861, 1989
97. Mouioius B, KINNE R: Ischemia induces membrane dysfunc-
tion. Mechanism of altered Na-dependent glucose transport. J
C/in Invest 80:647—654, 1987
98. MEDDINGS JB, DESOUZA D, GOEL M, THIESEN S: Glucose
transport and microvillus membrane physical properties along the
crypt-villus axis of the rabbit. J Clin Invest 85:1099—1107, 1990
99. PEERCE BE, WRIGHT EM: Sodium-induced conformational
changes in the glucose transporter of intestinal brush borders. J
Biol Chem 259:14105—14112, 1984
100. STEVENS BR, FERNANDEZ A, HIRAYAMA B, WRIGHT EM, KEMP-
NER ES: Intestinal brush border membrane Na/glucose cotrans-
porter functions in situ as a homotetramer. Proc Nat! Acad Sci
USA 87:1456—1460, 1990
101. BRUNETTE MG, BELIVEAU R, CHAN M: Effect of temperature and
pH on phosphate transport trough brush border membrane vesi-
des in rat. Can J Physiol Pharmacol 62:229—234, 1984
102. MORRISE1-r JD, POWNALL HJ, PLUMLEE RT, SMITH LC, ZEHNER
ZE, ESFAHANI M, WAKIL SJ: Multiple thermotropic phase tran-
sitions in Escherichia co/i membranes and membrane lipids. J Biol
250:6969—6976, 1975
103. LEVINE BS, KNIBLOE KA, GOLCHINI K, HASHIMOTO 5, KURTZ I:
Renal adaptation to dietary phosphate deprivation: Role of prox-
imal tubule brush-border membrane fluidity. Am I Physio! 260:
F613—F618, 1991
104. CHESNEY RW, GUsowsKI N, ZEILKOVIC I, PADILLA M: Develop-
mental aspects of renal beta-amino acid transport. V. Brush
border membrane transport in nursing animals: Effect of age and
diet. Pediatr Res 20:890—894, 1986
105. BRESLER VM, VALTER SN, JEREBTSOVA MA, I5AYEV-IVANOV
VV, KAZBEKOV EN, KLEINER AR, ORLOV YN, OSTAPENKO IA,
SUCHODOLOVA AT, FORMICHEV VN: The influence of the lipid
bilayer phase state on the p-aminohippurate (PAH) transport and
the activity of the alkaline phosphatase in brush-border membrane
vesicles from normal and mutant rats. Biochim Biophys Acta
982:288—294, 1989
106. DUDEJA PK, FOSTER ES, BRASITUS TA: Modulation of rat distal
colonic brush-border membrane Na-H exchange by dexameth-
asone: Role of lipid fluidity. Biochim Biophys Acta 905:485—493,
1987
107. MATSUMOTO T, FONTAINE 0, RASMUSSEN H: Effect of 1,25-
dihydroxy-vitamin D3 on phospholipid metabolism in chick duo-
denal mucosa cells. J Biol Chem 256:3354—3360, 1981
108. FONTAINE 0, MATSUMOTO T, GOODMAN DBP, RASMUSSEN H:
Liponomic control of calcium transport: Relationship to mecha-
nism of action of I ,25-dihydroxy vitamin D3. Proc Nat! Acad Sci
USA 78:1751—1754, 1981
109. MERRILL AR, AUBRY H, PROULX P, SZABO AG: Relation between
Ca2 uptake and fluidity of brush-border membranes isolated from
rabbit small intestine and incubated with fatty acids and methyl
oleate. Biochim Biophys Acta 896:89—95, 1987
110. GASSER KW, GOLDSMITH A, HOPFER U: Regulation of chloride
transport in parotid secretory granules by membrane fluidity.
Biochemistry 29:7282—7288, 1990
111. ZADUNAISKY JA, SCHAEFFER BE, CHERKSEY B: Chloride active
transport, membrane lipids and receptors in the corneal epithe-
hum. Ann NYAcad Sci 341:233—245, 1980
112. M0LIT0RI5 BA, ALFREY AC, HARRIS RA, SIMON FR: Renal
apical membrane cholesterol and fluidity in regulation of phos-
phate transport. Am J Physio! 249:Fl2—Fl9, 1985
113. HISE MK, WEINMAN EJ: Physical properties of the rat renal brush
border membrane during growth. Pflugers Arch 406:234—236, 1986
114. LEVI M, JAMESON DM, WIEB VAN DER MEER B: Role of BBM
lipid composition and fluidity in impaired renal Pi transport in aged
rat. Am J Physiol 256:F85—F94, 1989
115. SPENCER PD, MEDOW MS, MOSES LC, ROTH KS: Effects of
succinylacetone on the uptake of sugars and amino acids by brush
border vesicles. Kidney mt 34:671—677, 1988
116. PEREZ-ALBARSANZ MA, LoPEz-APARIcI0 P, SENAR 5, Rco
MN: Effects of lindane on fluidity and lipid composition in rat
renal cortex membranes. Biochim Biophys Ada 1066:124-130,
1991
117. LEVI M, CRONIN RE: Early selective effects of gentamicin on
renal brush-border membrane Na-Pi cotransport and Na-Hex-
change. Am J Physiol 258:F1379—F1387, 1990
118. AL-ZAHID 0, SCHAFER JA, TROUTMAN SL, ANDREOLI TE: Effect
of antidiuretic hormone on water and solute permeation, and the
activation energies for these processes in mammalian cortical
collecting tubules. J Membr Biol 31:103—129, 1977
836 Le Grime/lec et at: Membrane fluidity in epithe/ial cells
119. GlocoNnI MC, LE GRIMELLEC C: Water permeation in Madin-
Darby canine kidney cells is modulated by membrane fluidity.
Biochim Biophys Acta 1064:315—320, 1991
120. GI0c0NDI MC, FRIEDLANDER G, LE GRIMELLEC C: ADH mod-
ulates plasma membrane lipid order of living MDCK cells via a
cAMP-dependent process. Am J Physiol 259:F95—F103, 1990
121. SCIIWARZ SM, BosTwIcK HE, MEDOW SE: Estrogen modulates
ileal basolateral membrane lipid dynamics and Na-K-ATPase
activity. Am J Physiol 254:G687—G694, 1988
122. BIt.sITus TA, DUDEJA PK: Effect of hypothyroidism on the lipid
composition and fluidity of rat colonic apical plasma membranes.
Biochim Biophys Acta 939:189—196, 1988
123. STUSCHKE M, BOJAR H: Insulin effect on translational diffusion of
lipids and proteins in the plasma membrane of isolated hepato-
cytes. Biochim Biophys Acta 845:436—444, 1985
124. KEEFE EB, SCHARSCHMIDT BF, BLANKENSHIP NM, OCKNER RK:
Studies of relationships among bile flow, liver plasma membrane
Na,K-ATPase, and membrane microviscosity in the rat. J C/in
Invest 64:1590—1598, 1979
125. DAVE JR, KNAZEK RA: Prostaglandin 12 modifies both prolactin
binding capacity and fluidity of mouse liver membranes. Proc NatI
Acad Sci USA 77:6597—6600, 1980
126. BURGESS GM, GIItuD F, P0GGI0LI J, CLARET M: alpha adren-
ergically mediated changes in membrane lipid fluidity and Ca2
binding in isolated rat liver plasma membranes. Biochim Biophys
Acta 731:387—396, 1983
127. KAPITULNIK J, WEIL E, RABINOWITZ R: Glucocorticoids increase
the fluidity of the fetal-rat liver microsomal membranes in the
perinatal period. Biochem J 239:41—45, 1986
128. EICHENBERGER K, B0HNI P, WINTERHALTER KH, KAWATO 5,
RICHTER C: Microsomal lipid peroxidation causes an increase in
the order of the membrane lipid domain. FEBS Lett 142:59—62,
1982
129. PIETRAS RJ, WRIGHT EM: Non-electrolyte probes of membrane
structure in ADH-treated toad urinary bladder. Nature 247:222—
224, 1974
130. MASTERS BR, YGUERABIDE J, FANESTIL DD: Microviscosity of
mucosal cellular membranes in toad urinary bladder: Relation to
antidiuretic hormone action on water permeability. J Membr Biol
40:179—190, 1978
131. ALAM SQ, ALAM BS: Acyl group composition of lipids and the
activities of (Na + K)-ATPase, 5 -nucleotidase and gamma-
glutamyltranspeptidase in salivary glands and kidneys of rats fed
diets containing different dietary fats. Biochim Biophys Acta
758:1—9, 1983
132. OHTA A, MOHRI T, OHYASHIKI T: Effect of lipid peroxidation on
membrane-bound Ca-ATPase activity of the intestinal brush-
border membranes. Biochim Biophys Acta 984:151—157, 1989
133. KAKO K, KATO M, MATSUOKA T, MUSTAPI-IA A: Depression of
membrane-bound Na-K-ATPase activity induced by free radi-
cals and by ischemia of kidney. Am J Physiol 254:C330—C337,
1988
134. MARIN R, PROVERBIO T, PROVERBIO F: Characterization of the
Na-K-ATPase activity of basolateral plasma membranes of
kidney proximal tubular cells from young and old rats. Biochem
Pharmacol 34:4197—4201, 1985
135. BECK JC, LIPKOWITZ MS, ABRAMSON RG: Characterization of
the fetal glucose transporter in rabbit kidney. J Clin Invest
82:379—387, 1988
136. LEvI M, BAIRD BM, WILSON PV: Cholesterol modulates rat renal
brush border membrane phosphate transport. J C/in Invest 85:
231—237, 1990
137. KURNIK BRC, HRUSKA KA: Effect of 1 ,25-dihydroxycholecalcif-
erol on phosphate transport in vitamin D-depnved rats. Am J
Physiol 247:F177—F182, 1984
138. MURER H, MALMSTROM K: How renal phosphate transport is
regulated. NIPS 2:45—48, 1987
139. TSUTSUMI M, ALVAREZ V, AvI0LI LV, HRUSKA KA: Effect of
1 ,25-dihydroxy vitamin D3 on phospholipid composition of rat
brush border membrane. Am J Physiol 249:F117—F123, 1985
140. KURNIK BRC, HUSKEY M, HRUSKA KA: l,25-dihydroxycholecal-
ciferol stimulates renal phosphate transport by directly altering
membrane phosphatidyicholine composition. Biochim Biophys
Acta 917:81—85, 1987
141. ROTH KS, CARTER BE, HIGGINS ES: Succinylacetone effects on
renal tubular phosphate metabolism: A model for experimental
renal Fanconi syndrome. Proc Soc Exp Biol Med 196:428—431,
1991
142. LEE AG: Lipids and their effects on membrane proteins—Evi-
dence against a role for fluidity. Prog Lipid Res 30:323—348, 1991
143. SQUIER TC, BIGELOW DJ, THOMAS DD: Lipid fluidity directly
modulates the overall protein rotational mobility of the Ca-
ATPase in sarcoplasmic reticulum. J Biol Chem 263:9178—9186,
1988
144. MCMURCHIE EJ: Dietary lipids and the regulation of membrane
fluidity and function, in Advances in Membrane Fluidity (vol. 3),
edited by AL0IA RC, CURTAIN CC, GORDON LM, New York,
Alan Liss, 1988, pp 189—237
145. HIRATA F, AXELROD J: Enzymatic methylation of phosphatidyl-
ethanolamine increases erythrocyte membrane fluidity. Nature
275:219—220, 1978
146. HIRATA F, AXELROD J: Phospholipid methylation and biological
signal transmission. Science 209:1082—1090, 1980
147. VANCE DE, DE KRUIJFF B: The possible functional significance of
phosphatidylethanolamine methylation. Nature 288:277—278, 1980
